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CHARTS FOR EQUILIBRIUM FLOW PROPERTIES OF AIR 
IN HYPERVELOCITY NOZZLES 
By Leland H. Jorgensen and Gayle M. Baum 
SUMMARY 
For initial stagnation pressures up to 1,000 atmospheres and stagna-
tion enthalpies up to 10,000 Btu per pound, nozzle-flow properties for 
equilibrium air have been computed and plotted on charts. The work of 
NASA TN D-693 has been extended to include flow properties for closer 
intervals of specified stagnation enthalpies. Properties which have been 
charted as a function of Mach number are as follows: temperature, 
pressure, density, velocity, area ratio, dynamic pressure, Reynolds number, . 
isentropic exponent, and molecular weight ratio. Ratios of temperature, 
pressure, and density across normal shock waves are also charted, and, 
weight-flow rate is plotted as a function of stagnation enthalpy . 
. INTRODUCTION 
In order to design hypervelocity nozzles and to define the test 
conditions, various air-flow properties must be determined. Several 
theoretical investigations of air in equilibrium, frozen, and nonequilib-
rium flows have been reported (e.g., refs. 1 to 4). In a recent study 
(ref. 5) charts for equilibrium and frozen air flows were computed for 
specified stagnation pressures of 6.8, 68, and 680 atmospheres and stagna-
tion enthalpies of 125, 2,000, 4,500, 8,000, 12,000 and 24,500 Btu per 
pound. In the present study the work of reference 5 has been extended to 
include equilibrium air-flow properties for stagnation pressures up to 
1,000 atmospheres and for many additional stagnation enthalpies below 
10,000 Btu per pound. Also, in contrast to reference 5, the flow proper-
ties have been plotted as a function of Mach number instead of area ratio 
for convenience of use in wind-tunnel operation. 
The purpose of this report is to present for specified stagnation 
pressures and enthalpies the following properties as a function of Mach 
number: temperature, pressure, density, velocity, area ratio, dynamic 
pressure, Reynolds number, isentropic exponent, and molecular weight rati~. 
Also included are temperature, pressure, and density ratios across normal 
shock waves. Weight-flow rate is plotted as a function of stagnation 
enthalpy. Because in an actual nozzle the flow may not be in complete 
equilibrium, care should be exercised in the application of these charts. 
2 
NOTATIONS AND CONSTANTS 
A nozzle cross-section area, ft2 
a isentropic speed of sound, ft/sec 
h enthalpy (with datum of h = 0 for molecular gas at 00 K), Btu/lb 
enthalpy, dimensionless h 
RTo 
L characteristic length, ft 
M Mach number 
m molecular weight of mixture, lb/mole 
molecular weight of undissociated air, 28.966 lb/mole 
p pressure, atmospheres unless specified 
q dynamic pressure (1/2 pu2 ) , lb/ft2 
Re Reynolds number, upL/~ 
R gas constant, 1.987 Btu/mole-oR or 0.7302 ft3 -atm/mole-oR 
RTo 33.73 Btu/lb for air 
S entropy, Btu/(initial mole) (OR) 
SiR entropy, dimensionless 
T temperature, OR or OK as specified 
To reference temperature, 4920 R = 2730 K 
u velocity, ft/sec 
W weight-flow rate, lb/sec 
Z molecular weight ratio, IDa/m 
~ In p) isentropic exponent, In P s 
p density, slug/ft3 






~ coefficient of viscosity, Ib-sec/ft2 
()* sonic point 
Subscripts 
o reference condition 
t reservoir condition 
1 condition in front of normal shock wave 
2 condition behind normal shock wave 
THERMODYNAMIC PROPERTIES 
For ready reference and convenience, thermodynamic properties of air 
for temperatures to 10,0000 K and pressures to 103 atmospheres are plotted 
in figUre 1. These plots give the variation of molecular weight ratio Z 
(fig. l(a)), enthalpy h/RTo (fig. l(b)), and entropy SiR (fig. l(c)) with 
temperature for specified pressures. The reader is referred to the previ-
ous section of the report for values of the constants RTo and R. For 
temperatures to 3,0000 K and pressures from 10-2 to 102 atmospheres, the 
properties were obtained from reference 6. For temperatures from 2,0000 K 
to 10,0000 K and pressures from 10-5 to 103 atmospheres, the properties 
were obtained from reference 7. The properties from references 6 and 7 
were in excellent agreement in the overlapping range of temperatures and 
pressures (2,0000 K to 3,0000 K and 10-2 to 102 atmospheres). In addition 
to information from these sources, some of the curves at low pressures and 
temperatures (p as low as 10-6 atmosphere and T as low as 500 K) were 
determined based on the perfect gas law and are identified by dashed lines. 
For more extensive air charts for temperatures to 15,0000 K, the reader is 
referred to references 8 and 9j and for air properties at temperatures to 
100,0000 K, the reader is referred to reference 10. 
Vapor pressures as a function of temperature for air, oxygen, and 
nitrogen are presented in figure 2. To estimate the vapor pressures for 
air a perfect liquid or solid solution of oxygen and nitrogen was assumed 
in equilibrium with a 20-percent oxygen, 80-percent nitrogen vapor. The 
vapor-pressure data for oxygen and nitrogen were obtained from·references 
6, 11, and 12. The approximate saturated vapor line for air is also 




CALCULATION OF NOZZLE FLOW PROPERTIES 
The nozzle-flow properties as a function of Mach number were desired 
for use in wind-tunnel testing. For convenience in the computational 
procedure, however, the flow properties were computed as a function of the 
ratio of static to stagnation pressure, with the corresponding Mach number 
being computed. Stagnation conditions Pt and ht at the reservoir were 
specified for each case considered. In order to compute the area ratio, 
Mach number, and Reynolds number, the density was determined from the 
thermal equation of state 
P = Pillo/ZRT 
For p in slugs per cubic foot, p in atmospheres, and T in oR, 
p = 1.234 p/ZT 
where 
An isentropic expansion of the gas from the reservoir to downstream 
stations in the nozzle was assumed, and the molecular weight ratio Z, 
(1) 
(2) 
the temperature T, and the enthalpy h = (h/RTo)RTo were determined from 
the thermal plots (fig. 1). The velocity was then computed from the energy 
relation 
u = 223.6 Jht - h 
The area ratio was calculated from the continuity equation 
A/A* = p*u*/pu ( 4) 
where the mass-flow rate at the throat (W/A* = p*u*) was determined as the 
maximum pu for given stagnation conditions Pt and ht. The Mach number 
was computed from 
M=~= __ u __ 
a .j)'ZRT 







where the isentropic exponent y was determined from 
The Reynolds number was calculated from 
(8) 
with the coefficient of viscosity ~ computed by the method of refer-
ence 13- In reference 13 the effects of molecular dissociation and ioni-
zation on ~ were considered. 
An iterative procedure was used to obtain equilibrium temperature 
ratios, pressure ratios, and density ratios across a normal shock wave. 
This procedure is outlined in references 3 and 5, but it is repeated here 
for clarity and convenience. Since the Mach number M1 in front of the 
shock was known, the density ratiO, p /p , was assumed, and the pressure 
behind the shock was calculated from ¥he1expression 
which resulted from combining the momentum and continuity equations. For 
the pressure in atmospheres 
P = P + _1_ (p u ) (u ) (1 - .&) (10) 2 1 2117 1 1 1 P2 
The local enthalpy behind the shock, h2 , was determined by the energy 
equation 
For h2 in Btu per pound 
(11) 
(12) 
With P2 and h2 known, T2 and Z2 were obtained frofn the thermal plots 
6 
(fig. 1). The density behind the normal shock, P2' was then computed from 
equation (1), and P / p was compared with the assumed value. This process 
was repeated until ~he~assumed and computed values of P2/P~ were in 
agreement. The stagnation pressure behind the normal shock was then deter-
mined from the thermal plots with an isentropic compression assumed from 




The procedUre outlined in the previous section was used to compute 6' 
nozzle properties for equilibrium flow for various initial stagnation 1 
pressures and enthalpies. All calculations were made on an IBM 7090 5 
system, the thermodynamic properties of air (from the references previously 
cited) having been put on magnetic tape. The nozzle-flow properties 
determined were temperature, pressure, denSity, velocity, area ratio, 
Mach number, dynamic pressure, Reynolds number, isentropic exponent, 
molecular weight ratio, and weight flow. Ratios of temperature, pressure, 
and denSity across normal shock waves were also determined. The initial 
stagnation pressures for the calculations were 1, 10, 100, and 1,000 
atmospheres, and the initial stagnation enthalpies included values from 
400 to 10,000 Btu per pound. 
Except for weight-flow rate which was plotted as a function of stagna-
tion enthalpy, all properties were plotted as a function of Mach number 
and are presented on charts which are indexed on page 17. The reader 
should note that, except on the weight-flow chart (chart 14), symbols are 
used on the charts only to identify curves, not to indicate the many points 
computed for each curve. Perfect-air properties (from ref. 14) are 
presented on most of the charts for comparison with the real-air 
properties. 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett Field, Calif., June 27, 1962 
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Figure 1 .- Thermodynamic properties of air . 

























l V' r- v\ .....-
2,6 m 1 f: ~'!fiI~l.lU' 'rim !If! if! 'n 1 1 ~'r if Irffi llif! :!tt'r 
; 1.:, ill ,I (it: ti" P Illili ~tll'HiJ !f':lltlil m"fl Iii : .~:·9 ;m lf lii,': I ':Iffl :1 t , I 
tit it! j , , m If~ iii IftL I !IIi 'i u Hi I Imi -~ .j !~'i' lit -r , [II .r X l: 
'i U ;:11 Itl Iffillml r II!! ill r, ; • I ' tJ: ':, ' i-ltl 
!fit + I' dl tl rHi /: !:!'! ", tJ i I 'ri !i IHI Lf :M 1 , ~f ' "!:fl +1 t " ,., 2.4 
m I I,t! ! I 4m 7 [' 1'ti !.!" f ,- f ~I 
of, 'II I .rl' 1 ·1 • Hf .~. 
It tE' H1· : ,I d j.j: ift 1 + ,~, 1 
r 'fij : . If; !ill t, If!! , , mil 1m - ~' f 2,2 
lfj: ,m . - 't, ' 1+1 : 1 ,.IH Ht .l1t :tlt ' ill 
I' I 4 i 1~ 11, ili ! L '!l !l IU i ' -1'i I ':" ~ .. ... 11 
1\1 P ( ,ot~ ,) 10- lUI h:i; ! H I' II . +1 jt~t' r- !'~f 1 t!. h!~ ~ ri t1 
, " ' I n 
, 
','" n ·Hl ltJli.,!1! , ; " 'lH j' ; ; till + ,., • : ill ~ · I ... ~ ~ . H, fii'i t' lo-3 :W; Ii ,, ·1 • .Jj,' . 'if :J \1)!j .,-t t . fl:a it! ,. 10-1 :: I: t 
'. If UI1H 10-2 ' ~ , ' f:t li m I ,I 
2.0 
4 x 10- 4 t 11 
,fIil 1 ,00, :+ 
.; 
,ffl I' ': [j:j ..-; ! d ' I 1.8 
I [HI! it ' 
I : IIi 4 x 10- 3 j , ]1 '11: I.' 
I Vf . r (~I Ui l{fj . 'It Im1 ftF .1 f ,I . ' r 10 d I' 1': II f I 4 X 10- 2 M 1: [i' I.!} . + • fl 1.6 
, if H I \?f :, I1t t~ m, I , ' (" , hi j , 
rm ' Mi! ~i f -fj1 ! 4 X 10- 1 : m J.l ; ml iF-t. 1~ j + t ' ~ IY 1 U:!I L- Ii : t " 102 '" " -, ~ lI .m rJI ' :4- . i 11" 111 1m .' .. 111t If II: 
.;} fit "" 11' J,!: : m " 4, "·t' 
1.4 
t;.l; It #1hl1' m 1 i , , 'I il11 11. . . .:: . ! ~ I lliHi 103 ! on I , ftl. ltl 4xl0 ' 1 . , 1l:;I; .. -rt £: tn.= Hi'"4 
- ftf ill,l-H: -; ' ""' d i " ; ,' l 11.1 fillY 1 Ffl I II 
~-if.i l :,1 ~1 :'tfi .r1 t ff ; !;.tIj ft'!i' if! , .+. 4 x 10 2 I III I OJ ltl r It !. II :'itffi H " 1.2 
" ~ ' ''' III; ii ,... ri Iii i tl ., :i. : IU' Eiii : •. , "l1j' It.: . .. 
,; lJ ~' h- r- :1; UH :,; t:;: tl :i t :1 'iHii :'.: iti :41 ' 1'1: :: . ~ . , 








60 64 68 72 
n. " ! I ~ • /; ;,; ·.It ii ,iii tj ;f!j 
76 80 84 88 92 96 
Temperature, T, (hundreds of OK) 
(a) Molecular weight ratio - Concluded. 




320. , . ' .. I I 
280 I ll!~~ 1 +1 l.ll" 
ht 
240 
1?1S'l k J J I " L . .IJI I H. I II I 1,11 I I 
l~mlffiFtlli:I~f I Im:~ I ~ tjd=hlj:~~:~ Hhl-iiiTJfl rlffl*~~~; ... 7 .i· ....... :~.tlj.C .X:.Tk-.sC ; .. JJG ......... . ., I p (olm) 10-4~ 
ffi fl iWf$ft @lli!f?fWtW' Irmlwlt d I illllVlBH1ml1"HI I :1 1 liHltH±L I liifL1i III I 1111 
~ttJ.l t ;~~$ I·HI._lnmw I IIWil~. ~ I :I~ I' 1 *lrHL:r-m~ k$F :;:tt+.li·;~~~ I:WI·· .. :!# »~ :: ...... :: .•. If I II fl l~rli 
.... i\ .. I\liliJftl.lt't~ld+l .. l:IHtJ r~jmrl11f I !JtdWfl il .II.Hmn l b:/2l.l 1 .t: Lli 11L.1 I II . ~ . 
Jf: I -:f\iw.1 'lI'fHI 'h I llJI I .~. l ililiifil ttH!'I~d I II I I 'hi#I"~*~-ii if I ll I' ll 
~"t. II 
' 
.... I .... ' .1 .... 1 .... 1 .... '.· .... ,·.·.·.·.·1·.··.'.·.·1·.: 1 ···I.·.··tti:Ill.·. ·. ·.·.·.·. I ..  ·.·.·I·."c' ::T .... ·I .... ·.·.l ·. ·. ·. · I ·. ·. ·. ·. 1·. ·. ·.· I~·:'u.UIi+m .. ··• ...·.·1 .. ·. '1. ·.··.·.1·.·.·.· 1· /I ·1 ..... 11 ... ·.·1·./·· .. ~~: ~~ __ .• _ ;;;; :::::~_Li:i:E~ .-t+:"<Lit ___ :.; :::~ :-~ .. ::~~t!!!:ti~~~~:1';::: ::::~ __ J;;:~-! I 
~ 200 .;; f~iU! : . ~ rti iJJj:"", : .• mt ttl :# ... : ,: • /1 .. t II I !I 17 
;f. ...• tuiult_ •••• .•.• "':~ ':g~: :.: :h I'" :': '~'U ~ 'i~ "r!:l;~ 'tf. ~l ~1' i~':~ " /7 . \)<",~L&Z~/? ;; 
,~141Jk~~~nJd .. I 4±W'n l tHiFln~·':~;lnl :I··: I ~i:lnn ln4~ltf lmrnlY I nYlln l JI~ 
: .•• :. ...f!ll*!lJE ..• :1il. i ~H .J! ofF I ~. •..• ... . " t/~ 0 .... , 
~ li, fif . ] .1 E1 .• ~. fl;1Ifl1iii!fl' ;l!Ifi, "0. 1II'1! "" mij. • j .' ~ ; ~:;( H~.~ 10-1 
.;li: 'il.;, "Ii .!ti w..tI ill if l!lfj I;: .Ii: .; it+l' , >' F II . J. X471Y +" , 






q l.rd~j:ln I ll~1:~ IAr IH l l 1H::I 'l!l tiffi:I J :I I nl III LI VillA 1:1 ... d~_kJLd2r.J;d::: 
f'.' ''It. j -, v l/'./ ..... v r;.-:.-;:..:-v... 10 
I!ffim;:; ,j : 1m! moo it fu. ./ . v v~1-- c;:-f...-I,...- ~ L--:f4 -r-- 2 
l " diffittillllfflilil jj# ~,., i+ hi'e '#~ f1: k::!~~r..d~ ~ E:-v I-- ~ v v ...... 1.2': :::;J4"" 10 
.. ;!j.!t ." ~. aElfI!i " ... :l 1H+- ····ill··· I---!F='" f-'::"P"" v-r ... 1 .... k ...... v . ~ v ', ~ 103 
.• ':: 'M",;': ... (i'. +! • ' It:l; ':' ~: • _~r-:::;:: ~V' :"'.\'. V'.~ i/~' .. -' .-< .:' 
, 1.1., "JE:' I ~tm -.:If' ':Ii!?+jMl' ~AV !< - ~~)~~~~lrkA1o\~ ..... 1-- ~~ ~I I r 




iE 1iill~IWJIru'I'll Iilil liji-Hlli ldii fi __ · Y VI~ lJ.-f ,),I" ~~ ~ ~~ . J : ..
~1dr1Jt;1! III If. 
rmr: ~ .i " . ~ ~mi1 1:l.mij~IIL 
. 
In 
"!fm;::1j~ I~ ~IIB V~ I Ifj'I"'lI'H If! :;1, 
t:::::t::1[ .. I:i 
"" Lefl! 'l 'l:l flt1i!!ifl;j:r I !if 
8 12 16 20 24 28 32 36 40 44 
Temperature, T, (hundreds of oK) 
(b) Enthalpy 






--y -- - -------
' VI t-' u\ P 
400 1U Il. IHdf!1lflJtlHP: Hi! !W 1m !Hi 'Itt j!!1 ,,,II ,A Ull ti"b!!i; . t;,I'!f. !!'!W m: IfF }?' '1M 'J 11~ I1!I :mm '111 Hil l III '; g it :If eJ nr ;!jj 1'I#li '8 IIffi iili i 
.J)" '1 # I hPJ,'#! ff! IJIf ffi tm tmm Hi I :(;, (1 liil ' IJ' Ji, m; 11# 'Ii ~; i[jL" H lfiiiJtij I' nUI'!l lf .~ :'fJ (. If! ~lj 'Wi~m 11 
;I! ~;WJ! 111J 1ItJ1jJ.1Illi· ~llW m N1:i,'rti' :::i;l l;Hh i" , ;,if!l rr: 1: Hil il:ij II IlJ ;Ii til ll l~': 'L'! .' E JI j 1.' 1f! lllu " 1 e-L-~ 
"I [ : p (aIm) 10-3 ii' tm f1I ' '.'I:,f[i ; i lUI ~mfln U I. : 1m 11' 1m 'ft; illl ih ilil 1141lH W III 'I) H'i if ,,31 l;i :'i:1 :li . ,11 
4 ~l lH I dd tt., tm ;-'-j 1 r~ fli litt ~ liliilfltJ n J 111: ltfil±i! ";lB, lid i! . HJ ' f. It!! ,I' Iw,lili1I,' J ~ lid'! 1li1- ii! lU, ;} 
tJlJ "JH! IWitt iUi I1M.j~ 10-2 YJ:jj Ittti JMl ~ tflifhW It! I1t:: :lY. 1f11Ili:H i' 1! 11 I m 1m Iv'U I n :rn 1ll 1li'lf' l. :~#r j,r fL, lrtl i IHlJ j; ,r 












, .,; 'Ii 
'jt1 ,' tttl :m " 1m l!ii Izn !['!Wlg! ,;I'! Illij h ,WNW I milJ !!lr'iijf ij 'W I 1;'1;; fiii J .ii lffll:llliWfi.jiljF 'iT! j~ f 
f ·it l ' fI.lJt1:1i" J u,lilld PI W HI 10-1! tm l#llftiJ :il, lkdJ! !. 'tl lJll :If! l;ft fIi ffll .d 'm n~ '} tN# t" lU ~j.;t lilitlffi Hi 'j.,j ,'.'; ,!1! fhl n 
at ' HI 4 X 10- 3 HI IEm fYi l r,~ 411 ttl' lm: 1·,1 Uf! 11tf! Illii l J±i. I:1[ 1 Efl ijl , i ;;1 I 'I] I ifflltmllill1::1 R il1 " . fir lru.fif ~' ,'it 'Hi ,'I 111 tl 
rtf ITl1 j f dfi HI !m 1.& IffiJ i iili 1 ill :!B IP' 1iU 11" , lIP: ilt lj( III I' 1 '~IWii Y l lillr iillH ~ LP I7 :d !1f !t!J±, 4i~t " T,' i , i'I ijj! t il: lin III±1 I~~I 1: t , . +i 111 ilt1 'il: t)? .il , . .I11 ,t dD ij){ J J f1 ';ll.~ iH.~ '~, Ii: d \.JJl l ,pi 
IWJI!# 'ii 'M] , lill 4 x 10 , 
·.ctl i1Jfi ' ' ;.V on! :Iri 171:, jll H i.lr :tH! I f1 ,tD :~:tF, Lr 1m::: I ~q<'~ Itl II l~  ., i ~ ; 11 I 81m : ~ tf; W 1u m l "mJ ijjj it in Ji g. ~:j Wflu 1m I if HHl 1 ' 1 H; : , l ~tF ';:~; t.::: rift,· Hi UJ "v W' H IHlIf 
.• ~ ; ,I 1>1 HI' ~ . 'w , '.llflf . 11" tl1 . H Irt t' !HJih '[ Hi P. 'jj liti ~! I;li! J- ,I t'H lifH iilillf 4 x 10 I 11 • , f! 10 IlL r· t I#i m r' I'H ~ I IMi t i i :iI W
' 
Jim Jti if1\ 'ilm! im"l jI·H 
II 11 ~, . JI' I>11 ''I'll - 'r !X 11111ll 'li lY,' .fl.! II ;, 1,,11 tm : . .1 j n; 
j ;li' . , Il1f Ult If ;!f i'jrl:lf " ,j !llf., . II 1 4 ,: I 102 t rIDl i: t t" J j " ' l!ll IH~ H'jb-< : I H; . ;,1 f:J M itl lif !: ki! 
: lW '. ~ I H " q W .>1 1 . "h t , ,1'11M;" , ttl ii!''' ' t' II' "1:1 
1v. .1 h J. ~ ,I U If 
.. 
t 4 x 10 1 I' 1 [ " '" i';" 103 ' lll lllli 4 a . fl nr j It~, f1lfl Tit 
lM Hlf' ' 'tt fflP tl, I '" 'fl: Wl"1 i1 IiJ. atliM L *1 1-,+ 
320 
I H I I', Jt,jI 4 x 102 t ' ! ! If i 
41 ±i:\ ~ ~; : It 
I ~ j n· ' [p .... I*'; :ti , 160 
.1'1 + 
.' £' r, or! 
p'lIl-< 
,U y \ i++ 
I?J ; i ,;; 1,' E..-k: j , . II; i ! ~! ; .[)c' .... ' 
[;;J.l .:...;).;.>1 d1;~ f..Jfr 





, 'i , 
52 
iAIl#!' ,t~ , 
56 
,i ~ . I I ' !If 
60 64 68 72 
I'ill I tllllij l~ iF -Ii { t"ll'cI 
76 80 84 88 92 96 100 
Temperature, T, (hundreds of OK) 
(b) Enthalpy - Concluded . 








I-"'- _ . - Computed by perfect Iii .. ' ,'I: ,t; .," k"-.' '.lilHfi lUt .il,! •••• l! i k:-!l'l£Iiilll1if 1!I:!krlidlfH 'Ip j tlniJ lllt''' 
h gas relation " .. 'j; Umn·IJ. ~ll2V j Jllit H rh llH!liw. It I : [i l- l.l ' 
48 t- _ .. - Approximate saturated I • .. II ' kh . I, ... It, II !!I! .. .-..! .: irtc : "': :1 IBi J' J# 
I:Tt vapor line Hi ..• "'i l~, ;; ' ,;:1 .•• Wi 1'+\ ~ ,i (flO!!,. '!.? ~lru'HlfW Llim 
Ii ' . .) .. 1):'11 f-" '1 :':',,': ...... :" 1;11, t;.r IRI' :-- "il 
rnnill::t'TII ,kl:,::·::;!I. • L i! 10-5 ; /< 1, 'I .Il .' I:t I :--1-:-: , . ,·.h 1_ , .. _: :iBm :" !r; fill" . ,G 'f' 
II I I'" p(atm) -7 V 1, ' ,. :!--'-t'"" -3J; 'r-- I' ' f-( d~H!JJj II .llth 44 10 1 4. 10 Ir<' 11i:··tt l' TI '", " . I I ;1 /' ' :~. In' .... 10- 4 " ....... Vt 'I ...J" d' :::-~ ...... :1111 l Uj-, :':' lill ~ :: 
;. ;.. ' I..--' ~ hr t lillV 0; :' .~ :::, j.l..> .,....llliillBJ:i, ... 84 \ pl: :. ~ ) I Tllv r /" j>- _~ I?I-6, -"L::p- tl ""<!: "!il 10-3 ' l<, : •• ; ~~ tJ1<F. 4.10-2 :. ~ ;i:j~~~f'":;; a.1t ;liqIDH!l.¥ 
40 
.. ...., . ' ;?'.ok!.- ' 'tik i .Ill.tki ,! , tr;t,H~! 1' 1 "'" .. 1 " .: l~ J .~ 1 
:>. 36 'i;/ /. I I .~;~!r.1 lili,j.,,-:-;..: • • . 1;,JH;.o; oJ 'EDl.IP. It~' k ~ ,; L,.J,;- ,I i,;.JillUI n11I:* 
a. '{ 1/ k it ~ " , ,i>"'V~ ~t . ... 1-- . :.-,-~ 1;,..1' 0" 1 !40 ~ "'liiil1" ,lit]' '-' ~trrit IJll it; ill .l 4. '0 mE1f" 
e ;I ~ 111' :'1" :.>: ~ :'1, . -i-.. I';i;; __ r- . ~. ,.- ...... " I;.:.;.. ' ,;.;.;o'~ " ... )i i;';': "fm~ • It Wi- .. ,1'Ht1 
..... "r ..... "' ''. J.->o ~c::: .. - I ~-P, ..... ,",...,... -LL..J'-::::t:~p,' l--4....Hq+ith=#.l-f'4EEti; 
C I ·' ! v "~ 'Afhf ~~: .. .1-' .. '1.. ..... . -:"-- ' -- : I ,. 1nkP' :,. ~ i~ ,",' .L-,-.-. ffi:ItJi : Illl1' .... ;j 
w 32 I~ I~r I ::tl __ k." ~ ' _j::u;;.. i ; 1.-.. 1- , -' I~ . ' ., ., " H102 , . ,', ,, :1' 4.10 
' )" 1 f(;l; ~ t .. l'! ..... ,,1) IJ.1, .. I ' k ':- ;I.;~p 1M" :ij'",HiIP . L.J....., , • j :L. 'C: . '. ' 
,1'/ j 0 ,[lil~ 11 ~lttl . ~, ~ 1i11~d ~b" . I-l::-~ ' --: ~ . .J ~'1" 10 ' -l.:-.:I-- il!1 , I.!!-~ . t ~ .' IIi lJj.lh# i:fi 
J .. ' .' LVd7 1, ITtIl 3 " illFi:J .' . ~k ., ~ II :;-" "'- --' .;;,; i ...;.._ ,0 l!li 11m .. T~- " 'j " , JiII"·,:1.· ,....,P':..i==-' . .i ..... ~ I.- ' r-~,.-- -- r , 
' 'if. 1/ : 2 ,: 1"'L ;';"' V :, t' :i ' 1 ,..--c ; I." _ -..J 'I II ' _ . '- I · ,jI ..lC::;. ~,. : ,'1 ..... : i .,tj iii iii 28 7' ,. ., /' .-:1i1J!~. . L,,.. f::-- I ~I- . . """'= ,1..;1,.. ...... . 
Idll"I/ lt: ,,.1' b .ir HL",~:.;: , . f- .: : 1 ~ 'iT b::~~ !j ill:] ~llliJl'l rtmtllil 
r'l j illV I:!; :1;~:li l;; .]~H :1 :lill! ~i~b;:.~ : , b,,::,h , b::: ,;,;,; 
24~~~~~~~~~hm~~-+~~-+~~~~~~~~~~~~~~~~-+~~~~~4. 
lP.T""Al l llfIW I'I;i" f"'C IP'J.l'fJj Itl'+lII'I:1 QIH-!tl trtl l"1l1 '1"lll':l,e'.·,'.',' I""1 'WI" I RI;ilJ'I I''Ijf1TIiliLJ hrql " II~ll"I~lfl llftir'q' 1"'r'I"I""1 "1TITT1TIII!1 '.tA /1), , ~yYl 17 I/~d l ltt. ..... "., ilp .It-i ... r, • ,1·;1·::- ,-- . " , ... , " _ .. ,' '-- .-, .... "'j '" 1 "f' t n ,~.t t-' ., .. t... .j., .•••. ., .P.hH!:.;i 
, \ ~ru"Yd1',iI:r::r;f}f1l .L.l il hijj!: I ,iliil G]1jJl I J.dIIL;:d,.r t , :, I. ldlll;:I .fll:,ILillrl., I.d:!tIiJ .• ," '1:;;]nc.r]!F,mnl., I, . .TlJ1J..I i~ l ilh1ik 
20~~~~~~~~~~~~~~~~~~LL~~~~~~LJ~~L±~LJ~~L±~~=L 
o 4 8 12 16 20 24 28 32 36 40 44 48 52 
Temperature, T, (hundreds of OK) 
(c) Entropy 
Figure 1.- Continued . 
\Jl f-' O'\ ~ 
f-' 
.j:::"" 
60 fl I I ,I ll +IH ·IA llRoml I I F r l, l Iii I I, Ii ,I LJd?t=:J JlI"t l",tJ .. i ' !.l'1 .1 I I. J lid*"" n I I 
::11 ItA" .. dlH/W I If I lI"' lul I J 1" 1,It,IHI 11U::tl lh;j .. 1 111 IHJ-----b:ld: D I Ii:, I 
li ttl J,k>jd\i' l.1mg:w • bl =': 'q Of. /" 8 f.-r-;kL, 'i! ri ;0 Hfi .,. ~1 ""f'1 t 'l ;"1 II i.' 
56 17 ~j I if f'I!;!li;iW#lJmil ;J ';r I;!i jill ~ m . ,,;' . /, "11;; IIjJ,tll ilij'J,jllHi I i If i'l ; , WiIJiil I!lll' It "ll.-..J ' ~liTiij]fl l 
1 ;' iI'" Ii . ,114' I !.I1llL ~~ I !H ~. Id~ jiil ,I! .. 1; :y.~ .:1 ;,:1: !... '..-01"-+11;: i ,ij ;lj p,T ,tt 1!l!J ...., .. ,t ,;l lj '. i : It 
';":. If' dI P(otm)IO J #llm!illt,1i' / iH I1fflif ~1i , Imung,: II ~f( !f!1" ."tff!J1! II!fli 
IU 




II'll/j ·j··· I···j' I/ ·j .j '·1" '''/1 1 lj Vl~~I~"l:'FI'::'I'I: TA ' j +1'j' j .j .'j.~ C I' I ·I·m :!ly A :::: :::; ~ .~~ '~.: :::: ; ... V _:L:: :-:::: : . ... L .. _._: :;;: :::: .: iA'_. :lt.~~ fl<: .. . J r"'! ;I ·n: :::: ~, ,;c: 
H 
48 II. f ll :.!I<.··.U% r.·.·. Mr.·· .•. , •.•• .••• •..•.. • .. i'ii 
rv I "l.I' 13 ~j " l'tll 'lil I i " I ". " .. " -. :: ",,"li "1'[ j il,··· ';it . Wj· ·1r ..... niH' :~'D1;i T ... , 'm' . . .•. .' j. r'in!' 
, ,':1+11 " ' . IHI Wi . 4x10- 1 11+' tj, .f' ,dIP .. 'Iii!:I. ' . .tpI '1411 " !:i'lj~liJ. I i lim! ;; 'i", ..... . 1, , I,;f llii, 
C.f) 44 Z I;f,iJp' ,I , ~I n T /i ll"r [I ["')il il 118mH W Hi. 'I lJtT 111:1 1;Il1i /i W Itlkr' rlt ,'. :mtir .,',111,) !ilJ'r ' l~l, iHN :1 
>. gUm ; . [!l lill I l.H, ,!l1 11!' illi k" : l!fi'H:' it ij 1\] f: ~ t 8jj Ua :il lUlU! k:rf , ,!, I !t1ff! rm ,'!' :11' 1\.1 fI 1ft .4fJ 1~ 
f ~0 :t .:. J I~ '.. 1~~:l~Ht!: r;; .~'l.. E; m ,l:j" ~; ~.;i~~::;1 'I m·: J.': .~ Jfti <Ii hi U,ll ~~i' ~~: ~::~:lj~ 
~ _ 1.«; I 1 Ill;' H;.r ; Ir,:. j.!:.. T: ii' / , 'Ii ij 11': • ti!- f : l t i! 1 c c, :fl: "::"f--I"'" , i:itj'If' j 40 [t"' ~ ',.f.1l 1-' , "T It t/ l;; :1. , ,..... d it .J 
I·· .. d: 
.t, 
'1""!Ij+I" ., ,"- ,-?, ,.-y 9"U'",;Utj BE,ll: p~ " ,ll. ~.,.;1!f ou. , l JJ.lllttJ:I' I Jtl11 it .tlh' £' ,.- - I 'dt 'I I .' 
36 Pt .. lJ; -::n . , t: .'1' . ct." , .,. .... C" .• I 1 ttt!l'ttI Itll II . ,····t 11.. ,-..; . I,. ",;.j: +. I ilfl if t. i"';' . -;i HI, Mj '", ;rl; ...-i-:C: tlinflH', ~! .r 'lltl 'p +I - . lit' : ,'1 ,u.iJ''''1 . ..... 'l;r f-"-- l • 
,il·" .., ::. ,'1''': 'tj lliJ' ~ ,I,' I:at ·· .. llIi! 1;11t1:: .',l ! 111 4 x 10 2, 11 "rt III 1ft! ;lli I03 !j ,:1 iii'!: ,:I,! . IT ' .. 11 , tI :t:, IIIP .. ·nl" ::1I:! .... 11 f . . I'l ·:11 ttl , • .. ..11, .. '1;, ' 
iJi ltlltH llli ,:' ilH Hfl: 1M, ·ffllii I 'il ~ ,±c' .1 'i !ll 111 Hi Jill . 11 ,1 : . ii 1#lflflji i: ~ 
I~ 1+ rlt III !Jl!llfJ !lil f I, JL . "l. ,; -1 Hti mil .l}: IJf " I j I /i~ lHi j if/U Hi ; "'11 fffl if! I 1J If11WtJJ , : 
32 \"1 :t' 1 '1 ,-.. . '1/ 'tt''lj ...... -- , !III I if 'L., ii', 
,. , .... rr,,· i' H .11 ~ . h-~ H" •• H " , i! ,: ", ", 
p; ~k l'j . ~~ f-'- .w, --i . ';: ~ .• ' . ...1" ... .. .... ,., :'~: ;:~+ i~ 
~ H· 
28 1 11'1'11 [ ·' 1' 1 1''1 I I I I I I I I II I 11' >1 1 I 11 1 1 .. 1 I I II I II I III ·I tl l 
48 52 56 60 64 68 72 76 80 84 88 92 96 100 
Temperature, T, (hundreds of OK) 
(c) Entropy - Concluded , 
Figure 1 .- Concluded . f-J 
\Jl 
1-
10-1 , ',"""""'" .111 " ' " '" I " 10-4 
II; ;.' .. , eM. 
d -1-; tm-- ~'. ' , :- -: 
:":I',!,j;!j, . ' 4- : ~r ~ ~;rnT~lr f ' 
. t t lH!illl 1 : : . :1:; 
10 
m j ~f 
", 
. . - ~ : ~ 
: d~: EU 102 h: 
~ f : :± : If 
lffi + #i ~!/I tffht la5 
, , 
: • I : Ii 
.1 . I t !--iJ-i ill! !ii't 
.. :-:;-. I'i: ,Hi iti' .... : n-.! 
.... let . En: .. . ,:fl. :f 
p, atm 
~ E [', dol' : 
Ill! Itt !m Iii [\111 
~t :L 'n I , I; it : ~ :1 NI. "-: ."-
hi t '\"~~'I ... + ~, 
I ' IHIIIIlIIIIIIlIS,~ Hl lMJIIlIHSUllllli II I illllUjllllll1 10-6 
N2 
log 
I r.t t t: WHIUI If !' :i : t· h 
, I • ' 
I. ,! 
~ltlropoloted by ! i i; t- i ~ 
' 47781-~ : ) ' ) p. T ' ": 1.j, 'ji' lW jeT 
If 
.. -. .. -.- • I, J;WifT 
"t I, q:. i) II j'it!. 
1 , .~. nt n ,lUll! [ : I : 
10- 1 , 
t j ~1~ Lf H~ Hr~ to: .t-
t L·t h It, IJ i ·1 10-411][ [IIIT! III Jl[! I jJj 'IIi" III 1'1 10-7 
40 60 80 100 12.0 140 160 2.0 40 60 80 0 2.0 40 60 
T, OK T, OK T, OK 
(a) p ~ 10- 1 atm (b) p = 10-4 to 10- 1 atm (e) p $ 10- 4 atm 
Figure 2 .- Vapor pressures of air, oxygen , and nitrogen . 








INDEX TO CHARTS FOR AIR-FLOW PROPERTIES 
Ordinate Abscissa Chart 
T M 1 
Temperature T2/Tl M 2 
p/Pt M 3 
Pressure P2/Pl M 4 
Pt2/ Pt 1 M 5 
p/ PoPt M 6 Density 
P2/Pl M 7 
Velocity u M 8 
Area ratio A/A* M 9 
Dynamic q/Pt M 10 pressure 




Molecular Z M 13 weight ratio 





























o 2 4 6 8 10 12 14 
M 
16 




0 -- 400 
0 -- 600 
0 -- BOO 
6 -- 1,000 
C> -- 1,200 
"1 -- 1,400 
V" -- 1,600 
'1:) -- 1,800 
0 - 2,000 
D - 3,000 
0 -- 4,000 
<> -- 6,000 
¢ -- B,OOO 
0 - 10,000 
20 22 
Chart 1.- Variation of temperature with Mach number. 


















= 10 aIm 
18 
Chart 1 . - Continued . 
0 -- 600 
0 -- 800 
6 -- 1,000 
[> -- 1,200 
V -- 1,400 
V" -- 1,600 
"'l -- I,8 00 
0 - 2,000 
D - 3,000 









10 3 : 1._.~ 
.., ;.1: II • 
T, oR 
10 2 : l llll l llll l llll l llll l llli l lilI I HU l llE l llntffitln~ 
10 
o 2 4 6 8 10 12 14 
M 
16 
(e) Pj = 100 aIm 
18 
Char t 1.- Cont inued. 
,V I r- ......, \ I""'"' 
0 -- 400 
0 -- 600 
0 - - 800 
/; -- 1,000 
t> - - 1,200 
'<1 -- 1,400 
"'-- 1,600 
'1 -- 1,800 
0- 2,000 
D - 3,000 
0 - - 4,000 
0 -- 6,000 
<>-- 8,000 
0 - 10,000 



















































h t , Btu/ lb 
0 -- 400 
4-- 1,000 
C> -- 1,200 
\7 -- 1,400 
p -- 1, 600 
'1 -- 1,800 
0 - 2,000 
0 - 3,000 
0 - 6, 000 
0 - 10,000 
3++±:11n± 
4 6 8 10 12 14 
M 
16 
(0) p = I otm 
t 
18 20 22 24 26 
Chart 2 . - Variation of temperature ratio across a normal shock wave with 









o 2 4 




"l- , aOO 11001___ . ~ ug ;;60l~:=;;: __ 
0- 8,000 
a-IO,OOO 
6 8 10 12 14 
M 
16 
(b) PI = 10 atm 
Chart 2 . - Continued . 








10 2 • 
10 
o 2 
Symbol hi. Btu/lb 
4 
0 -- 400 
6 -- 1,000 
1> -- 1,200 
'7 -- 1, 400 
V" -- 1,600 
0 - 2 , 000 
0 - 3,000 
0 -- 4,000 
0 -- 6,000 
0 - B,OOO 
C. - IO, OOO 
6 8 10 12 14 
M 
16 
(el Pt =100 aIm 
Chart 2 .- Cont i nued . 













- r-l 0 () 
0 s:: 
0 0 















'" 4 5 6 7 8 9 10 II 12 3 .. 14;0 -3 
:r++M': , ;:; ~;:t u L; ;~" . ~ , \\ . ,: !~~~ i::'; 'i;i~ ji;: :;:: :l,lli:~ !>: j::: I :::; ::;: ~~ .. " :;:; t;:: . 10 
.'.: ::?: H1f ilt tilt ,ft ifli .:.\ . 1\' ,\ . r\\\'l '.. i Hitl!r!i ilir iii} fiR t:Tt 1il' ._._ ....... i'li 1,E, 
• .. ::\ fiH'1f f: T ,iiI 'liHt: \ :: ~ ~I\\\!K : . t liE!:lllii ,U HH i:E: iT fil: . Symbol hi, Btu/lb :T tiJi 
'! \' IflH if!. f! : fir :u .. , \~~~ , '!1lUH :f!f Hillt'r u' n: 0- 400 ::r: 'FT 
': \ 1'1 pi 1!! Htn:! \ .. [\ '· 'W,,\\[\. I .. ' tH TtI!il=t!!T tT ,:11 'I 0 - 600 
.It · . L W L ,ill ... ,f .~\'11.. ~\'r\.\\I\'\ . 
n '''lfn~ Hi! iH ti:i'\WI +\~~~1TFIl H' if !~L~H~' ~=I,:~~ EH TI' 
d .. 1\ .: .'h .~;= :~: ) \~ 1\ I\~~ ':":: :t ~u :~t , ?-1,600 :~: ~'I. 
!
'E f· • 'J"! g·t h ·, ... i~~ \~~ 'Q '1' rt;. ":f L 0 - 2000 8: ! :t, l:i: ;..; ., $ H: J' 't, ,hi: ~'. r\~~ i ; : ii' 'I' ft' : D- 3' 000 ±./ ' j. IHI ·'t+-· \ t ... ++'··"t·!i· .. · . L ~'f'+' ' t g., t-.. 
t :rr:: I ::; : :\':i :~: t:::; , :: .::: . 0 - 4,000 ~ i ::::: 
_, L '1 , . ...,. \ .. + .. , t-+.+ .+++~. 1\ 1'\ \: ' .. t-+' .t-+.t- 0 - 6000 + t .t--. -4 
10 :. ' •• [ii: l": Hi' \' i:,i ,;:: ,i~ ll:.i liE".;' •.. • 'i , ~~<~ ::: iii::11: i~:i l. ;:,=:= ':~~: ..• ::!l :iii ~ 10 
.. ,;~~ ti! ~i!; .. '~ b: hL;:i~: \ ., ,,\ ; "f il''> ,'\.'\. :"; ;,~ ;f:i t,l. I I I :;tt ~t::. 
n m til K\. :ilH WH Fk. Q, ~ ;'Z 11"K ~"j:~ t r 'J: 1;-- Perfect oie!::H J:l P 
'If . 1111: illl!U li.. \~ i:!ml~ HU,!I!IIIT il!. !!:l '[!'rtUm: rt;!{~'i:~fllll .1t1l11:l.!tI .I.IJ :HIIHH ' P;-
, . "i t 1'" ~ti' "" ' \~ ' "WF "" 'n 'i!t '''ie H' '.' T "' .... '\ '\.'\~ ., "PI'HT HI'~jWt"!!j'J if!" 
I hlh fb¥: l~; if. ~~ t ~J: ~t!t ~J rk ¥!fi h: C~ " ",' '{"'~~~ ::! I:~:;d j ;fil~dlJ:t btU 
2 'f "'1' II'J'f ~ ~:"rltHf'nf"!tl" "" !," ,,~"'" fj "t"illr'g' Tfg~~' :: ~:, ; .' ,t :: " 't':':' :ft'; ' Il. ~!'\~"\ ::'t·: ', , :t: " Li t i~. 1'i:: •• r:! :':.; 1\., :, ' 1\...:'\ :i: ' t ~. Uli:: ~ t . t:t. t-+- . +t-. ·t·,··t- t ++-. ,ttt 1+ '\ ;z .1"- ,.. H+·' t - -t+ t-+ f ' 
10'2,1 t Iii i";'r t t:!+ II ,:L, ti 1 itt :::::;11+: t t ,dl ~ N ~~ Ii: mill::;: 11:1, 10-5 
• ,L,d;!,": < .. 't.\~ '.oW-I!:!- lin tijj.j.!(.j.W-W-; ::,! ,,: 'i. :::";; : "" .~ il ;t . ~ · .:: i,.i :!,: 1;~': 
.... , I 'f Itft .. , , ... .. .. "Ft 1'j' :'1' 'i't l'f 't't ,,~~ 
... iIHitt!l t,E!: ll!: : ii; \\~~ :: lh ttl: i~; : E:~ t;t ~t:f t;j ;I:t M;t ;~ i;!' iii i ~ '\: """i~ ::':: :1" 
.... l' i yt :.rf ta i~~~ ~:~: \\\ K ~ii: Lf: itt iJil h: ,f.J iV±l' :Hllt if at Li Y !'K.' 1"1., N"""~ ~~: r 
'.:.' • ~J 'UIUa tlHII!1 H I~ . ~ ildnUUH t'!j !lfl'~r +j :!II~qJ tlmLH,.~~~~~ " 
',1 "1. ftb!lt:U ~IU!! { r'!l 11\\ ~~ .. !n~~n lit 'U Ii; i lilt! Imt J .~ rlrlij1t ~ ,,~~ 
2 .' ff FEWH ;!ij, . i .•. \\ , \~ ""it .. Ii:H ~!:f ~; ... ~ , IffH I I ..i.i. ... ~ 
'.' dlllItlJ *1 . ~ ~jLftlf gIIi! 'Hmgf'llfl ! :mM~ur .... " ~ It! ~n tJ tf t~:': ~l I\~~,\~~ . ~ti Rtf pq ml ::4Iftt j\f H' . tt'rt f:.F tll~! L+ 
10'3 ,1 ,I' :i' ". . I.~ . \10. K' ........ ":1 ........ :": ....... Jt ~·I··I I 1' 1(J'6 




= I otm 









0 -- 600 
0 -- BOO 
C> -- 1,200 
V' -- 1,600 
0 - 2,000 
llili!l!j!iI~ 10 - 4 
P 
Pt 
_!Wiajlll l l"t l ril l~ 1 0-5 ~+4,ri~" ~,;I:;~"III.:; . 
10-3 ,II III I I I II I IIII I I I II II I I I II II I II I II I IIII I IIII IJN I I~ Mil l U I II I I III I I I I I I I I fi l llUJ TIl Ilnll 1111 [ I I !JJ I I III I I11I 1'>.11 I I I I I I I I INI III I 111111[ Ill{, 10-6 
o I 2 3 4 5 6 7 8 9 10 II 12 13 14 
M 
(b) Pt = 10 aIm 
Chart 3 .- Continued . 






... ,11;: 'j'j' lj.q jHi lil ++++ H+ 10-6 '. +. I . I . . j . 'i+ Hi { j-t+ I q 
: ; i! ~i 11: • ,I~ Ft- : ' I '0'1 
: • I --l I ~ ttl . 1 t -:t :; t ""fet.r-
h. , 8 t u /1 b it 11$I$l$!::l:I:I 
0 -- 400 
0 -- 600 
<> -- 800 
[>-- 1,200 
V--I,600 
0- 2 ,000 
0- 3,000 
0 -- 4,000 
0 -- 6,000 
,0-8 ,1 1 J 11111 III!!! 1IIII J 8 _ I IJIIIJIII I I'lllJlIIIIIII I II[JjTljlllTlIIIID I TTTI I1IDITlTTllTI I))) ITI J)) lIlT)) lITut m)!TITI ) )m" )11111)) 11)) t 1,1U1 
9 10 II 12 13 14 15 
M 
16 
(b) PI = 10 aIm - Concluded. 
17 
Chart 3.- Continued. 
18 19 20 21 22 
Vlf-'O\:t> 












0 -- 600 
0 -- 800 
1> -- 1,200 
V -- 1,600 
0 - 2,000 
0 - 3,000 
0 - 4, 000 
0 -- 6,000 
<> - 8,000 




:I!!!! 1IIIIIh Il l! II Iii IIII;~ II i III i III II!!! IH! III I! ill!: trnHltt;: II! I rf*11 ~~tu! \ i tll i!!! II1I i I! +~ 
10-3 ,I It' 'T IT' 1 'I" i'll"; I" i' 1 j'" 1··" 1· , ~ \ThX H i ! Ii' iiI' ... I ' iT' I :1 t I I '\ '\1 ,'}.. ;I '), 1 1, ),, 1 ;'1 , 10.6 
0 2 3 4 5 6 7 8 9 10 II 12 13 14 
M 
(el PI = 100 aIm 







10-5 ,olllRl::rn;rm f'Em'frlJJIlAdd£lI4liII£W I b' 
6 7 8 9 
li.iiil-! -1 111 Ii ... 
h, , Btu/'b 
0-- 400 
0 -- 600 
0 -- BOO 
[> - - 1,200 
V'-- 1,600 
[) - 2,000 
D - 3,000 
0 -- 4,000 
0 -- 6, 000 
<>-- 8,000 
10-6 ,k. ;=:1< .){~ m; IT;;; IT;:: IT:m , C> - 10,000 
10-
7 '~ I Ifill 1'1' ~ctl jill f4t$;tIIlllllll~ ' @i • !Jll!I!II" :tJIII: 1;!.IJi ;; ,1~1iItt~ 
10-8 ,I. I . \4 1 "I. ! II!il! 
15 16 
1,,1,1 II I!III " ,1111111 ' ". III! I I I I ........" , 
17 18 19 20 21 
M 
22 23 
(c) PI = 100 aim - Concluded . 
Chart 3 .- Continued . 




II 12 13 14 
i 1-,...." I " r II j" ">. I , r I 














10-3 ,l1llt I!HlI1t1111tlll l1!I II!11 1 ttl! I ! 1111llll ll\tl tllJIl 11l1l1t11l1II:1'IJUlllttIJ II II I 1J:hJ Illll lS II I 11 JlIDI IIII I IIJlII III I .... I ; 1'111, i : I, 10-6 
0 I 2 3 4 5 6 7 8 9 10 II 12 13 14 
M 
(d) PI = 1000 aIm 
Chart 3.- Continued. 








VI r- U\ ~ 
Symbol 
0 -- 6,000 
<>-- 8,000 
Cl - IO,OOO 
10-
6 
'lpt'I';i1I' i i' I ;,' '~~'HI' i! I i1!, I'irldill'; ,; lao i : ' ! : i 11 j : : : ; I i j; ,:; I u: pi, I i. :! ; : j :;j , , ': j II :fJi 
l' 'f'f rn J'f Eft l"t 't't~" !J-I n:t' .. , " .. , ' '-t ' ffl t-:: . :: t- :::1-. bb.- : :: :': ~ ... ~ : :T. • 
-7 ~ :::.T t-t-!1 J; ;";:t n: t' : If: t j ,t .......... :::: fBI:n: . 
10 :'" 'il: "- . ..it: .!: L! .::; '., ,':: ! ::: • 'J 
M 
II 






10-8 ,I II" 1 '~111 1 I II !t' l l ! 1~1 1!1 1 '1 ,II ! , I I,'! -.......... . I III I 11!1'1 I ! !!! ! I ,! IIIII1 ,!!! I I I . I !! II I ! I! I , Jill ti l, 10-8 
14 15 16 17 18 19 20 21 
M 
22 23 
(d) PI = 1000 aIm - Concluded. 
Chart 3.- Concluded. 











o 2 4 6 8 10 12 14 
M 
(a) PI = I aIm 
'-----' 
16 18 20 22 24 26 
Chart 4.- Variation of pressure ratio across a normal shock wave with 
Mach number . 












= 10 atm 






10 2 ,'·r~Tr- rr lTTT I" "~I 
10 
!. L Iii. I, 'il II 'iI I,· ·1 
o 2 4 6 8 10 




(e) PI = 100 atm 
Chart 4.- Continued . 
18 20 
h I , Btu/lb 111111 1 :t:tl 
0 -- 400 
0 - 4 , 000 
0 - 6 ,000 
22 24 26 28 







10 2 " , , ", i " " 
I't r I I I ;.; i 1 i. . i; il ; i-I i :!;! I! I !! n ! i l i i! f ~ i 1 iii ; j j; ; l I 1 ! l:! !-, 1; j i .I·i 
10 
o 2 
•. ! ~ . !! • . 
4 6 8 10 12 14 
M 
16 
(d) PI = 1000 atm 
Chart 4.- Concluded . 
18 20 
0 - 6,000 
0- 8,000 
C> - 10,000 
.11 '_ j c I I 










:IUII IBHlHUIII·} ~I __ ; IO-' 
la' ~ __ 
Symbol hi , BtU/lb 
0 -- 400 
0 -- 800 
1> -- 1,200 
V' -- 1,600 
0 - 2,000 
D - 3,000 
0 -- 4,000 
0 -- 6,000 
<>-- 8,000 
0 - 10,000 
Perfect oir 
10.3 ,1/ H II itHlIllllIH!11I It I !ittIHIII'HI tI 1ti11 H111 NJ N.,i'j{!Jj~JIIIIH I HH 1±tttt±H±1 Htt I litt I H HI HUH II' 111111111111111111 II Illttli b i I 
o 2 4 6 8 10 12 14 
M 
16 
(a) PI = 10 aIm 
18 20 22 24 26 
Chart 5.- Variation of t otal pressure ratio across a normal shock wave 
with Mach number . 








10-3 , I 
o 2 4 6 8 10 12 14 
M 
16 
(b) PI = 100 aIm 
M 
Char t 5.- Concluded . 
18 
------_.------ --_ .. -
20 
Symb ol 
0 -- 400 
0 -- 800 
Co -- 1, 2 00 
~ -- I, 600 
0 - 2,000 
D - 3,000 
0 - 6 , 000 
<> -- 8 , 000 
0 - 10, 000 








Po PI ' 






0 -- 600 
0 -- 800 
l;.-- 1,000 




0 - 2,000 
0 - 3,000 
0 -- 4,000 
0 -- 6,000 
<> -- 8,000 
0 - 10,000 
2~ 10-4 f(riftlltft I· 
.~llil! I ~!1t l tli! l· _P-
Po PI ' 
ps io - I 
I 111 I I I II I I II nl \\1 I lIIB M I I bl I , ~ I , I I I I I' I I . I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I . I I I I I I I I I I I I I I I I I I I I I I I I I I I I ~ ~ 10-7 
o 2 4 6 8 10 12 14 
M 
16 18 20 22 24 26 
(a) PI " I atm 
Chart 6.- Variation of density parameter with Mach numberj 
Po = 0 . 00251 slug/ ft 3 • 
Vll-' O\ ~ 
+=""" o 





':I!"""" ijCTTlfj¥"TTTW If r !T! ~{ifi1! N 14 16 
10-
2 tmth\i[IIIIIIIH •• _ti.l ltlt!llltllllrrlal.l liiliIJWliillll 
P 
Po Pt ' 
psia- ' 
0 -- 600 
0 -- 800 
6 -- 1,000 
[>-- 1,200 
'V -- 1,400 
V'-- 1,600 
~ -- 1,800 
Cl - 2,000 
D - 3,000 
0-- 4,000 
0 - 6,000 
0 -- 8,000 
0 - 10,000 
10-4 
L 
P P , 
o t 
, -I pSla 
I 0-
3 ~ I-+tt-t-l\\*,"\\ ~~ !I i 1111 i mi I iiM:!!: I ir$c~ ~_a[1 i! I! I! IHI HI i I! Ii II! lIll iii IliHlll til I i I HHi i i III1 i I: 10- 6 
10-4 ,1 II \\\\\I ; \\\1'~n 1\ 11 '4 ,1 \\1\ III, \ 1, ,III t1 ~ j'l 1 II; 1), , :'J.t I ).l ),, 11:-'" 1111 Itjll"jllil:jljIIIIITjjllj'jllil'ljl. 10- 7 
o 2 4 6 8 10 12 14 
M 
16 
(b) Pt = 10 aIm 
18 
Chart 6.- Continued. 






Wili¥#¥4±JQ2& . &!JJJ0:;.;:c 
. . , 0 -- 400 
0 -- 600 
0 -- 800 
,, -- 1,000 
1> -- 1,200 
'\1 -- 1,400 
V" -- 1,600 
'J -- 1,800 0- 2,000 
D - 3,000 0- 4,000 
0 -- 6,000 
Po PI • ¢ - 8,000 0- 10,000 
psia - I 
2 IalltflIIINlf IWI#Ultttt lillt l »il IM.II.lf1l11.I Itm;~0251 s;~~ 
10-' ~1_llil llll l llll llll l l_IIIII!lljl l!ll l: 
2 
10-9 ,11111 11111 11111 11 111 111 o !! I II!! l lj.JI I !!I' I IIII I !!II I !!II ! !!II I I!IJ l i!I! ! !!!I JI'II I II!! ! 
6 4 8 10 12 16 14 
M 
1I I IIIi"", I I,11 I I I I I I" I I I" I 
18 20 22 24 
(b) PI = 10 aIm - Concluded . 
Char t 6.- Continued . 
~O\:t>_ 





2 4 6 8 10 . 12 14 16 18 20 22 24 26 2§ 10-4 
m 1\ 1\ \i i I r i; ;:. i .! i' I • ; . l I :1 '~ LU : 
.. ~n. , ' , , , ., IHH 11m, 
10-1 
i, i ': • 'E! IHl tt< iil~ :1 'it! 'i, It i'i 
• Hi 1\1 l'l'i ~t 1:T if il lll!! Iii!!! 'r II 'I it iU ttl If Il 
I I IIJIlL/:" ,I I !\l~' 1\ \ ~ Pi tltltl: 1+ltllit I; . It 1 ,"IV '" . ." It 'Ht '1"111;; 
I T I 'IT!' tL i!1l ~u !: ' \ , F .... · t+f ITt:t'lrm rnJ· ITot <. tHir'!f ±:; 5 b I h BfuII '. !tR=I!I+i 
"l tlU lt I"i IWlM'{ 'tI! II iJilll:"IIIH' liHJl.I·lli .·I'UIJ'; ymo t, bill! ,,:Ift Il',llilTII." 1:1\\ f~'i.f\ ~l lti! I 1'1: H 'dl If! IHti [ Ilii! ! IIi 0 - 400 ' i<! IL,tH 
> . it #to j .\ ~M· ~ \f . t'~ "l' t" t' L! t" l . 'H li4U'! I' . :. ~., 't: '1'1 I~I .1,\ 11 \' I~ . r 'fci': "('I: it I';TI lit:' t'!"·f 0 - 600 'f !:"i l!f ,l it II \ t\ ' ~\! Lt, ES lilHii ±; ih i-ftt Ji ljt :tH th !~1(1: ·r ~ <> - BOO E.t lL • ), 
'tf,~~n:: l'!r . i ~~1 ~~,, ~r ~ ,"I q: '1:Cj ~~' ,: : flfl U!hfUr.f~ ~Illf' t'lH i:Q !J. r ± ~= ::~~~ I': ""ill' If·:t: 't+.i ~\ ~I\ l' K\. t'l( '~K "'" I" a= f drtm:timff .g 't' .. . 'V - 1400 c ·· ..... l-' i \ .~ , ~ ... , . + t t- ~ +t+-· . + ... ~ j • f-.... . . • . . ,. 
-2 K ' r:t~ +... t+. +t'.·,"r ~-I,600 >1+, _ .... , -5 
10 ' , , .' .. , ,~ ,.. . II' '.: "! "l-IBOO 'I. I' , 10 
• . ,. ~, I .'\.· I I:";. I 1 I .1 ::. • " : ,I' , 
, -. ,I " JI\ ;-. If:' t-, t i , " . D - 2,000 i ~t T . : d •• 7 1J'H m~ fl j. [i '.... . ,. lilt,' 0-3000 ':tlli,:'!'1 
. f:h~ t>MI: ' LI I ;.'1 i\l~ N. -'f f :,' : f f !' 0 - 4' 000 ': Ii I:!. T j P 
Po Pt ' : m & 1 J1. I ill I,I'\N f ,1 i}.) . K i 0 - 6: 000 :L't II I' j! I: Po Pt ' 3!'1'~\ . til ~~ . \ !)!I K~ , N~: h, . h n . l J; Y\ . ~=I~:~~~ ijllIHI! :!~I > pSiO'1 ~ , ! ~ IK I N I'~ ~0l\' ~ ~1Z I~ * H rm p1Llll It! j I SiU'gl ',., ~ I U. !j 
, ~~~ ' :1:!: q ~. t. ' \.' \ ~ "" ." .. 0- t :TPt. II.+.. _ . P.'0.00251 .", ;. :rli' j T l- f ~\ I . i: i ·1' '.11 -j \ ' \ \ \.. '\ . I' i"... ~1 f: r I L f-+" tttt" ~ 1;+ :.. ~ , 1\'\ ~ . ". , . , \. " I ",I ''\, r l~ -! lit: . i··· .. j 
-3 ~,\' U i::: j 1 r I~ ntf ~\\\: ~ "Z ';~. r : 1 fur ill ~ ±:. tl ~ t:t 1, -6 
10 ~ :::: I ~~~~\ '! :"'. ,,'.:ii : 'I'\: fi:;:;\':I '\L . ~~ .~ : s~ r':"1 ;' I~ ji ! ~:;:: 1):r:; ' IO 
: \\\ \\\\\,I~ I i ,,, ! ii. :t: ::: . . '\ .. " .'\. " . diih- Ii' Ii U :l Cf. If!: ,PI 
: t tl W \\ !~\\ i it If ,! ::. Ii).' ,){f\- 1'<- 1'K .llKl J-. _ U A HI t:l 
:~ h~~~l~ ' (l1 II I' ~ 1,1 1111 11 lK'1ri:N-lt~~ . ,II . lit IIi .i: 
[ :11YI: ~ 'I R· II Ii lV 'I 1t 111\"lJi ).).~;'N, I ~f"-.. I f" ~! 1 ... : J ·t!:! 
. 1'1' . •. I \ "" ""-I " . K . ~ '" "" I ' ... . ... . .. 1- .., " l\l . I,,{ · .• I" I '" . . . , . .t ,.. 
P 
psio -, 
I ~ I \~ N\ \\ \1\ • \ I'\~~~~~~I~~ i'~ ~llftP 
10-4 ,1 ttl' .\\ lit ~~\ I\'~ j \ i .1 f\ .1 ~ f\\~~~C':'cl~ iI~ ,~ . I:::· I. 10-7 
26 28 o 2 4 6 8 10 12 14 16 18 20 22 24 
M 
(c) Pt = 100 otm 










(cl Pt = 100 otm - Concluded. 
Chart 6.- Continued . 
20 22 24 




-------- -- .. __ . 1.._~ 
VI r- v \ ~ 
M 
10-1 '°, 2 4 6 , 8 10 12 , .. 4 16 , .. 8 .... 20 22 2~ " 26 2~0 10-4 
: . -F.El i; . l i ;;:: ~ i fill i . ;;:: :; ~ . _ • :- ;!;; .. l .. . ; !! j :; ;; . .. .• ;. • 0 
7 ..:·f -; i: f 1 i-oiil· 1ft lflt fin: ill -;; t'il=t'll li :'-; -l-LE: tH .• : :. !lJ 7 
• W JU n " IJ~.: H·rt 1,[, iHtl n!:!iilIH Ii 11. If . i: lLl1.11::11Fli:iHif.ilrin . 
• tt :'f il: 1\\ 1 Il l' , ).-1' ~! l iJ, IHit W. itli- Illtl 11* Jli! II It! ~I; liU m
'
+ I-f!! Ii Iliff H+. 
4+ 4 I tHf ~1\\ Il,j li llf1lIWf!' liW mlr .tJ.lti1' Hi . t' ' Bt iF.·:l 'it 4 1 ~' ~1.11 \\\ : ':1 !I1!ln l lmIHlllll~!HI!rttHU!.t u Symbol hi, u/lb .;.j llli r ' 
3 "I I 'j '"11 II " ~ ! 'l'~ '1" t.] t' I'T: '!! H t'~ Ji'l 0- 6,000 ':' ,II . 
. 'f ,ft  ii' cr .::';;~~';I';l'-f;.· '; I; I <> 80 1;.;1:,'
'-l. .,. .• . .. ~.. •. 'j'" '. •. f ' ..... 
· 11 ~:: H. Ii f: t! ~ :. ~:i: hlb f~. +llr': it: iii;' . Cl-IO,OOO U; : " :' • ·t·~ ~ .. '}\ ~ ~~ f+ m ,pa' ·r hfi :Ift till l~tlE ~ ~~ !ij' . E . II "I -''''''''<1 'J' ·f·l·g~ 1 .. _ ... . ' t· "t '-H" 't'· ,. . r. - -. + .. ~ itt! '~ ...... -. ~: ': ~ L .; -'- : .: >;;.. ; t . 1 '; -:. t+ .. . • '!: ~ ' SlUg :' i: : .. : ~ .t ~ . 1 1 \\! ' ~l}t< +L.. ~ ~ it ::t::t: t •. ' ,t,.. tt .+~': :!tE p., '0.00251 --;;> , .tt: ••• • 
10-2 . ".~ +-t., )\I ..: ~ ~ t ·f· +t+ . f+ -[1+ t+t+ • • ~, : t-' t·· .!-t j : j!t~lt -t .t+. 'j' "' , 10-5 
: ::;i l:: ,I;., : ':: : ;:.i;; ,; .' ~ : i . 119 t:~: : " ';:: : i ,; . !, !,: ~ ; , .; iT:l . t i! • : • I ;;; : 
it II .:" ." j:j: TI!' i : i k f If:l till i' LHl:ll~I.t :i IJ. I ~t ':t .:).j.; 
P • ;J 'I .. , .. , t 'J-I' tI 4 t t t' "j j' . -. I" < . . i' j • t , . : 1- •• • 
_ ; . 11 !~.:-: ! l' 1t ,j', ; rl I tl.:!1! ;'.!:i I Il f; I • : tl J . 't:: i 1 ii:: . ---.!.. 
p. PI ' ; i i! Ie ttl L' :, It ~. i: t· I' 1 f P : . n [fl. .' : Hi j ttl :;; p. PI ' 
'I Uli II II I II III llfl .11 p. IL I · 
psia- I • .'f. 1:1 II. i 'l!, j !I 1111 , 11[ •. 1 li ll !,; . psia- I 
t j ! II l\f L L ; 1 • I .; I, IPL t r fl t, !t .. it Jlh. 
.. n ·It .j. j •. .rtt.r " tit . 1 ~ ...... 
• ~~~ f n:t It! m 1~\ 11;+H lf! t : r¥ll l' ~ ;~:~ r U!l ~tla f+ ;~t'Tt jUl trri Ftf it :~;. It Hr ' 
-3 ~ lftTt rj, 1 t"l±Il- tt,-· IfF ... i ·t+· + +;:t TI f+ 1 H~hft 1 +f+L~ ~.d -6 
10 : .~:: ~L\ ' ;:.; "!: .::1 if:' ~j' : ;; tri: IlL ::'; ! i: ~;; :ri; ~il:*;1+: i;~ I .i :.f I'): :: til' lEI 'j,: .;;. :Lt lii! ~ 10 
. ~\\ i,;' i' 'Wi If 'I J*Hl-; q H:l±lfi: Ll; ~. It-I~' If : : Ht: Hfj. '1.,j lP :Hill· 
., : ' ". t '" _. :'. t 1: .: ," . ' L 1;. - ._~ :,' .: ~-:.: :: _:: t,: ':' . :: I!I 
c\\ · t!lt-J H" ~ : L tf:I:! fl I~ fHf •• ! .; if. iIn JiUlirF + 
I .. itt. ,tlltf n11T:' i' II li~i:j' [1.'1 i " 
' tl Li!,ll!T 'Of ' 1 I! L'l-FJe H L :, l!~I.I ~~\l I· } ~t :It: If ilt It. ~ I ii ;1' . kl!11 !" .t*' ~ ~u ffi : If Inllllli til tli Ii:!::· • P Ii +. rJr~\' J1Ttln, ~ I \ \~ . ~':I:i! l i t;lf4 r;!.: It. .. if .~r ~!; ~.] rr m!'~L lr'fl 
10-4 .l L\ \ .... .... .... ~\ 1,\ .j ':t 11:+ I li1' l ll' If... Hil .... It . i '1 .... .... .... .... I. 10-7 
o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 
M 
(d) PI = 1000 aIm 
Chart 6.- Continued. 
0; 
----~~ 
10-6 ':I~.IBIBfB~faIffEffEJ~BI~a!aER!atiii~~lElHiail~!B!BfB!,BJ~,~"JEJElEIBIB!B!EIff!ffEffEffE"JEiafEIHt"B.·~' 113 lto. ,3:\i . ill _,j lt+! .'fff ' I ITE3'fffF-fT d,ji' . i .~. 
IU-Ei iii, i! ·~\itll·· iti, rHf IH I; f[ .. ; ;-il ii lill tH; ; illHil itt I 
" j. i i if: ' Ht . t I lit! j. • .fit! ,.: m: tfH nt lIL : Hl ;!: i :; j: iii: ::::~: tl ; f: 
psia- I >.......-n U1li~m l ~IU~11~ lKl~mmml_mrrrnllTlnlM1ffll l H1tI9t41tJlllut]llmltmlJHtIIHI I 'hlI .!L 
. . • .. .. -; ~ + -+ t-. t- + . t-.,. +t-+ 
2 1 11 1~:t 1 ]: flo it} J:1l m~~'Iy ~;m trt tl! r 1 ~ tl t If: If: 'I~ I~1'1; lij' tl : +H! 
t-. t :t i= 1 ~r tt ffi: ttl tt t t i, ., t + :[ t-. ~ t- + + . t- .:t +t+l 
-8 t-. ~ h- : . :f ' "i .. ,t ' . -+ -+ + + ~. t- + ~ . -+ +, " I 10 ' i , .,' • • 
It : ': I;. • 11. . 1 . ! 
: ;. i : if ; . ;\,1;· U1:f '-T I • 1 I : : . . I! i : I: ! 
. li i; J1LI..illLllll Jl. UJ lU 11 Ull Ll1 nU .J.lli..J1Ullb :llJ. llii 1tt lli1 t llil UlllUW. .jJ-U I m LV! .. ... 1111: I! I! Il!ltil II HII Lfl l lflilI!lH I I! I Ilnl !! Hl l\TITTTTT;<KlTTlT1TIHl l'RHl l !l I mHl!H1 f I mil: ItlHl ifill I I III I I I! HI I If: I 1111 mlff l' 
10- 9 ,LLLl..U....~Ll...I..l..J..'......J....L..J....w..w...u..u..u..LW..L.LLW.LL.LLLL.LLLLLLU...U...~LLLL.U..U~...u..L.U..L..u...u...u.-.u...LLL.L...b...LL.LW..LLLL.LLLLU..L.L.C-UJ..LLLULL-LW 
o 2 4 6 8 10 12 14 
M 
16 18 
(d) PI = 1000 aIm - Concluded. 












'-!, r- u\ P 
Ir.qmm ]1': :;n t;' r. Jr. .. : .~ ~~ .. ::: ,... +W :1;1 ::' .. ~ if:. "IT ell "1 rr":~~":'1,,, ' 
lim If! L'.: :mit'I:;:, hi ' .. 1 iHlHI'nrmllH ,Ii! .·'Il~t Iii 
J'M 'llH!I .. ' •• ~ lijj •.... ' ': Hil m lH 1J!j lID = .U It .' .. ~ "'" [L ••• ~rr, l' 
E.. , ..... 
Tiil I 
!m .. , III, 







.nm_01~HTlt_I'~:I!.I,' Mtffi Perfect oir ~:.J:::I::::I::J::: I 
I' '!'iii P' IJ..- I'FIJ! 
Jilli.il1., 
1'1!:J:iill 
. IIH··l' pd1ljijll 
ii' •. :iIi., •. :11 ' " .;C, ~.,I •. di ji;iil' =.;....,- ,"", "~,!; .ii",";!':!.. '" .,.':: ,.".. G"" 
"I fl!TiJ!iJ ltI !i'·"tl 01'ili!jll'·.l ~1l,iililj;··' ·,w, .. , III!, I. firm hl:J1iJl1::ij':.'· " ili! 
8 .. [..., .• !l.Il:II ff; i1 V :11 Vi m1. ),-ij TI~ 1IIII'";;;t ,Hi ,,~jjlft ilt , :' +llHffi !i!ltfl1!l!lli !fiLl! t;!!i!;." :' ,: nl 
itW*, I,: •••• 'ii;:j 'I. 7. 7: " 1''' ~ . ]I ~';;i"", ' ••• ', II' ,~, ~TIIT]' 1!f. H."" 
... :"i:1 •. , ail Iii ://1 '. K ' .• tl :';:;'''':1 T!!l.' " •...... ••• ;: .:1 [Ii] ..' ii if :.:. ';;;' .. 
6 \1 iii I' itli HlIII . WV] 1': ' .• j:f-t: .-J =. .~ . .. IIllillli!l ... 'f:r'· ,t 111,", ,;" i'l ,til!' ;. 1" 'tillill 
...• iii Ii 'J. // ." . . = =~: '- -;f I· ':ii •• ..", ,t ~ ... : " • ". .1 , ... : .• 1]1 
1.:. , 
4P 
I.4ll I~ 21111f,!II'jr r '~ 
..... ,1.12 •••.• .,I!fi •• :. ih " ,,,'.. . ........ , ,.. ,: ,,'. i· ..... , ••• T ": <,il i 
Ifllil 
Ld':lP'l'Illj"·'IAIl!:liIj;rn!IIII· .. ·I' .. l· 1'.1 j'I!!IIJ!JJ:!I'II':u"~lmml!lIlj!J[!tEl" mrrlHll'll"' '[TrrTJ:=J:J'l "OCT! 
1'!::!,!"I···.I···t.:!J;:'t~! I ···:t:iin.;!lFT'm" I ···· ·'.1.· r 'tH.'ij;"I· VH''!I''' '1 '-P'I'nl:::: lnltkW •. l I •• ",,: 1:'1:.' •• 1: .• 1: .• 1 •• , .. ,. 
~'.lHn '.iil!Hl I · .• liI.II;'IlIIl;fl:;!lHI'mll!!lm,H!'IT.:1ll.:;. 'l:·I:·t.t ,.U1I:d." I .. ,:!:tllIiHlII,.,l. fJlI •• :tHlliJil.J;::ilJliml ... I •• I'.·' !.i.!, ..• !1::I: ..• I.! .. I ••.. , .. , .. 1'1I'P":'···'llllil··'·lil" ······""·"'····,···· 





(0) Pt = 101m 
18 20 22 24 26 







20 , .. 
ili".*. ~~~~~~~~ili+~~**~~~~~~r4ili+~-r=P+4P~~~mb~H*~~P+~~P+mb*~~I'~",±P+~1 
·.!:tii'" ......... , .... I,iWg ~ ~ I ~ ~ J ... : I .'~ 
h" Btu/lb .Itlt ~ "'.... ="'- '--"fI1"El-,.. '1'· 'I = .. Symbol :I'~ "prrr "I ,»"" !H:t= .::. :, .. :." .. : "", " ". I." '. • . ".' : 
18 I "~~I':~ ;,I,',,!,!ll"':i'lt;' w" ",; "'", "',',,1" !,r W," ' :,'~"i,": j" ~ , ~~ 'II 
7 .. :;;;< =~~~~~rF~'.:-"'FTTI' -::u r:::e-:iI' ~= ;'ggg 
16 1';'1.. : ,: • I . r '<1 .1;,. [>_ 1:200 
.,' ".. ... ..:: ,.. "'1' ···.1·' "7 -- 1,400 
II ::~ .".i .. .~.'t.: Ii . .. t7 __ 1,600 
TI ," : il'l TA :I'l::l} JL ... : 'l-- 1,800 14 .'''' iI' I " " .. , I 1 J ' •. , •. • .." .: ~ _ 2 000 





III f .""',1/.1/ . _f-f-""' ~ • ' .,. . .... T _ 6' 000 
:: I ~;:';J '!" ,: " L~ !,~ '; " .. ~ .. :~~ .. ' -C<~~ •••• • ,.:::~ "",' - '::' '] It " ~,~~~,lii;li~I!!1 
{jl/. .. . ~f-
. J' 
~4"·'.'·"'i li-"lilfl ··· , '-' .  1':11::- 'I::'" ... · ,I/ ! .• •..• C; .. ~ : .k~ 
8 '1.~Ll. l . ~ .. ~ •. '1'..... L-- H~ •.• 
. ~'.~ • 1:/, '1/ v. ~ ' ~Ir 
. ... .... . p I / /. .-:: ,,_+-.I!r-
I JII I ' '/)/,-v//::.:;!--
6 '1. ' al.~~:::;'-:;;-;"-::.j 
J/h~ 0~:;;;::;;:::: .::: •. ' F+.......r-. :r:1·j:: . ··rsFl~· .... , .. ffi r-












mn~mm"I"';I""I""~·1·~'·· I··#·I·#· I·'tm·.:il"!il:!,1': ~!"'~: ••• I.·.I'.'il ••• l jf":I: '~n·' I. ":I: •• ·~':jl['::I:I,lii!' I ~jl!:"I]1 2 .: •. ~ . i....· ':' ,,,i:: . • ......... :: :::: .• : ........ : : '.' ;. ;"::" . . ; .... "': : ••. •. i .. ~ .::,' .... .• 'i:i. i'.: ...• ....: '.: ........ · .. i : .. ",i i' ••• , , ••.•••••.•• , j . 
H .ITl l lt it 
o 2 4 6 8 10 




(b) Pt = 10 otm 
Chart 7.- Continued. 








V I r- v\ tl-" 
liJll lIiillfifl llilili 
'_i ~::~ :n -r;n 
Perfect oir ". 
• ~IT:t'l 
:.:'i::::'· 
h t , Btu/lb 
400 
Symbol 
o '.. . I . I iiT.pE,jliU,. :'"'' 
_ _ 600 "" ''''1+" "" .. ,. "'I'" ,'" "" I, lUll nil Ii" I'''' 'I :mlml.,I'lIIHI ,:!, HiliHl"l 
ITTIlJ 
jlli 'fj .!~ ~ - - 800 :i1i ':;' :: :i l :j~;' ,::;ii j .. k,:~' im :; ~.~' . ,I:", .~ :li: lili :;:' ·ii." ,';; 
t; - 1,000 li!ji:jl lil1IJ1 ,diu#i 18l?t lJi!lII1I1 Ui .lii iiiHI¥.1!i'ffi1i1ffi',,, ill liiI} '!!1 11m IE' iii ii" ' " ~ = :: !~~ , !~ r:i~ I~:m .-:: r':v ·w ,;':,;; :g~~! I:ii ~t ;fl; U ~~ .. ;i:.::· ':;::11:,:1,. 
17 - 1,600 mml JLlntinf "!m 'ljii' !if JiH, 11' 1 ~Wffl Iii lli1 11 !!lif!:lm: !i. hi. i"'''! 
'I - 1, 800 : "Wi iI" ' [,,,; iij!l,."?'j"j 'et:! '.. " '. cB i::i l 
:11 
.:J: ~ 
.. ~ j!: ; ~ :; l :~: 
!!U !!~ 
.. ···41.· 
W .. !]·, rr 
' :.;1 
14 ~ D - 3,000 iI li'!!!J UHlH,.{ F ,!II'!I!j;#:1; W!HI Lit!! ' ,;:;J. 'tij i:! .. : .t1!lJiil il'l1:! i,:: Iwi illiiitlLlIlJU!lll'h!lf.Hmllli.Tlli.llffiIT;, 
o - 4,000 " : :, ': 1 . ':li .... .... 'i~ , "ini: if;: , iF:tt r' .r inl" I J'"t'''IJI'EFTi:I''''LTH 
' ilnlH, iI" . 'r~hii"· ' ··· 
.•• . -t-· · .. .-j. . ... ~ ... ; .: ..... , .. "':: ..• '": -.......•.. t' .. 'r '; ... ;, .... :. - ~- . 'i't . ',", ,t, - ·i· ·· .' .. ': --: , .... ; •• 




' 0 - 2,000 Ii j,lL Iml'lii ,i' :(i 'll, .!I ~I' im i i'i! Jli " ~Iii!i'iihd ::'!i' ... ... . 
<> 8000 II' .i;' iI:I'v '11 !i'i '111 ;"'- !j ,'" tlJiil "I;", ,'" 'Ii ::'11"1'[011 iliIW' 'rHIi I!, ":f:. '''I .. ,I, 
._ - Q 10'000 ""'''' : ' 1! . "", .. : : ~ : .: ,tl" ' : :';.'" . ;f'T ~':t ... , •. ,...! ... ;.;:. i';' "U"'" I , I}i,1fi ..1 ./ ... : .... , " .... , '":: , r"'I:' 'i. 1'tJ/ir. Ii"tl~fih, 
! " ~i,:': lii':l1 l:nil nu ffi ~ Ii iii ii: ;.;: i ffi • I:. I~i ~! I !iH l ilil iiii l jji i'i' ,:!: I:ii';";; 'f. iii; ~i ji'ilTifilit 
., ., ... ':.i i,; li<i".,j / IMl?j1 m i ! ~il '.',c :.-::::::::P ... : ... i:!!, !TIi:;; iii,," . i ":i 'iii .1"1: IT' ::t ;H~!i 
10 Ipr ::' ::'.:::' :,,1' i) L, ... ~:~;~ 2 ~4~j;~ ,: U":I'ii':: ~ •• .. ~.. ,J: d ' ~ \ "" : ,; b~ iiI: .IL1 Eti .':iiI 
. 'i.:: .. d.: " ''J.V:::.: .. !1:' .,.,..~ .. , ... 
8 I;"i iijl 'Ii' iii! 'j: if Vfi ','; 11 :Hllfti ill ;JflJiii "1 ,. ', ; :-" ,! 
~,,~I.: . 
lililid' dl'HJ rEF ilt , 
1·I.i l ,!I!ili , ..:" :: /~ j4l :;~ ~ !i~ ~ , p';';:~~O::i±: p.-:::1 
I,., . '.' '.'1'.'.'2; I . ... ' .. : ...  i /"/-', i;, lA .I<'1 ' >-l '.".ull=" ~ r" , -- __ • _  ~I· "j, , .) ¥I I "'J.A ~ r, J ......,.-tT"l..J. h UiLilFH 
'Ii. ~ ~ l'::j p-.j 
" m l iV:.~ ~~::::t 
:!I~iL;::I:::I~~. g., ~ 1:1~I IT 
4 il i.jjiillli: .. 1Jlffa.~ Ii: 
11m; dll .. I/~.1 !m .... 
P1Qj!. Ii' ~ .,1: l imtff~l ffit'" 
UiJ 
2 'iI' 





1lill IJ·I·'~·I 'I .•.••• 
.::: .. 1 
+ 
... 8;''''' .....  . . ;;:::: .. 
" .. :: 
.IL. 
,0;;, 
~ 1!lllii1r wlIi, .. : ihL· H", ' ~" " ""~Pll ii~ I JI I j: d:! ":;jI:f !It.. , .. 
12 14 16 18 20 22 24 
M 
(el PI = 100 atm 









20 . 1i!l1ttt!ffiITIitH!¥!ltl;~ffli~!!;+ )i'!1 : ., ':ft,.: .. i i •• :' H •• I .. Ii;! I:~ ". ,: 11m." .•• .Il i< ';lE ~!i .• ' •.. ',.m.lil: H I"IHI HI1IL',I!ltlUl 
18 I~~ Sym;O_1 _";,~::'" • ~.' •• ~ ....'.".. • """ , I ", ,,' fP •. ~ ~.' ....~: ~~ '~" •• ', • ,." ,:!:it::::::1: rrJ:m:~r~m~ : 
. # <> _ 8 000 ..... I.. , IH . 1 .. 1 . . . ]11" .. :ll HU.it . . ,,,wilj, 
H:'h; 'm" "~ """,,.I,?: ,?~I~ , H; .'. H .. :M I' H : •• : \ .; iI:I, ; ll'I~:TI';:: •.• i","i ''['ill MiL ' ,B.t, .·'.1 U :11:'m. 1:1\118 
16 Perfect 
14 &: I::. ..::;'1: . ":":: ''''' J: ~ .:;;p- P c=.",. ...11 ,,:: I ':aI"I ,bIlU: jI·idi!i, 
.. I. i,. , " 1l~1· . ,HIli vi ,j"j. .n T . ~ ur: LL . 'I': iih:: ""- ..'I,' [ill' L= a =' "".2 H. 21·,,1, "!I~ ';':', ",. . .:~ Im.n .::I: 1iiilttTl' ~ ~ ::..< ,.-: :1 .:l> ,:. ,,' Ii:, ::" i. . : i.lE r:'HnTJHUlliIHi IU 
l'iliHi;;I.:iitnl.,,diu:I •• iil .... I@:i!,.JI: :i:I: .. ;! !Jil •• XdL I.ii11;,.I·.··I.·. ·I ••. I ••.. 1 •• ·.I ••. iI i .• I •• HI·· ,im,: I. :.il.;.tI .. !iI! •• :I'.;;li.HI ..•• I •• :.I:.il •... I ••• JI:;iI~'1 ,iHliiiilH;;IHl I :;HIH!! I !.: 
12 :~\1n'" il: ~"r=r= k-~l" ;':P , .. i l " :;'.,,1,,; 'f;: .:t=;?H.:·;~": · ·,,'I: .• i" ihl 
',:!I1! I •.. litH , H ... HV .·.i "ii •••• "i. i ",i iiii iii!: :. :!!H, 'W:: 
.: •.•• '''.H .,.. :: i!J I;i;-( Iii I: ••• I 1<: .•• iii. ';:' :':' : ;:.i :ij H;: iiiY' .!if!; ji W il. 
"; "(! 1111' 'lr <It . p .:' H Il' ": ..; ;'1: ! lin 
10 lill 't "H' H' 'HIiJI i... ',,. ... ,I!" ... :!L i.. i".II: .,1 i I I,.. . II "i' ..Ii:;:\ii ,:.' i :.E;: m: ". iii in 
:W.I·· II'·!UI :r.'I'I''Jtrpl liH'I.ITJ'' I···YIIHI t.I •• ,l I "',,1'''1 I r •• I ••• I ... I .i1I] ·,,~t. r l.;I.ili, l "t~,lt •• l rITT ;L:I'!pilll:'''''I:r'l II 
I'ill:!! I. Jlmlijl ... Iil!fU LHliil!:!ffld tl ltll .ffiiil I., liii I .:!..,.I.!fW.' lliliji. I. H!bijkll tlllwl ... W .. "I,IMil .. U: 1:t:I,I: liiT;I[] :d:" I:f1I. l l!.Inl' Inl 
8~"""~~mHga~~~ ·@r!l~nrn""· j", " " 6 l+ ~llir 
2 
0 2 4 6 8 
M::r:" "::::: •• ::1 j .. :::::.:::' I 




li !ill·ii; I :!;·I,lli l ,t!:I~~~~~I;\lII,li1 1.H!h!I!j',I·fJII~1 ,i~lw: I :~II~i:1 _ 
10 12 14 16 18 20 22 24 26 28 
M 
(d) Pt = 1000 otm 
Chart 7.- Concluded . 




20 1- . I:~~Mili'hl .. m,.fl ••. 'I' ••• I •. il •.• I •... 1.3 •. I •.•• I •. ,1;. 1 •• 1 . ...\ .. 1 •••• 1 •••• 1' ••• 1 .. 1· ••• 1 ••. 1' ••• 1 •.• 1 ••• 1 ••• ·1 •••• 1 ••• '1 •••• 1.:·.1 •.•. 1' ••. 1 •••• 1.·.:1· •• '1' •• :1· ••• I.· •• I····I •• ·'I •• ·.I •• ·:I· •• I •• I.,.I,··.I;·!.I.·.··1',·,1····1····1· .. ·1 '1 
! 1I'lfill I ~~ fril lfllll!! Iff! IIII I ff! I fll'l=lll l I' I 'l l 'I "1 I f '!' 1 1 1 18 ~): 11/".:<"11. .·(7<:·\··;: .. :.: .... :···:·...·· .·····:·1 •• ••.• ':: •. ·;/[ .... ··:·.1' .......... , .... ) .. JT· ~~~· bOI . ~;':' Bt~/lb liili'.·:':·I "I' ..... 1, ... ... .1.. ..... 1. ... . ; , ... ...... :::: :::: :::: ::j: :::: :':1. ;':: :::: :::.::: :::: ::::: .... : :::: :::i :::'::j :::: .::: ::: .::: :::. :.:: ::: .. ': ::.: ::.: ::: ., :: r. _ '''''' :::,':' , :::,:::: 
'!lk l"ili' "'i" .ill··btd il l .J 1 1 ' ~ :~~ i l::I'!:I' ':\ "1, 1/ .W'I!L I .•. l .. !i.l ••• I. ··!I·:· I'.! 
16 I •• 1· .. 1 •• ·.1.·:.1·:. 1·: •• I.:J4rl.· •• I.·.·I •••• I.· •• I ••• :1: •• 1.·.1·.·1 •••• 1.: •• 1 ••• 1 •••• 1 •• ·1·· •. 1··.1··.1 •••• 1 ••• 1·:.1.·.·'.· •• 1 •• ·.1.· •• 1 •• ·.1 •••• 1·· •• 1···1 •• ·.1.:·1:·· 1· ··.1 •• 1 
!41 1Il l lhfU~ I' I I'II I III I III I III I II·I I I'lr '1'111 111 
!21 11.m_JIII:,llcgIIWB I III'~ 
,'p+ml!Lillj'Y' t=rrl.n c . ,.. , ... 
10 .. .• III 1 ,IIIIJI1 I 'I ,"'T ... J. ,. "I 





'l -- I,BOO 
Q - 2,000 
~ = ~:~~~ 11.····.1.1.·::·· ~ I~:~~~ :I 
: Jlfl I ' .1 1:: 1 ' IV'T 
L III, 
VI vI'-8 III :Ir-' . 1'-1'- I . I~~~ 
L , ~ ., 
'" JJI VA/ 'J ' ".,. • W$L~' ..... .... . ........ ,.:' .... ' 
~ . ,I,. .1, d, = i ~ .. i=£J J ... . .. ~ d d..i' ",,' ~.I= s:I~ 61+~I'r lill fl "rrllitfl ","rrrrrr lf'I"rl r''''''lilrlrrr l'Yl'r l I" II": 
o 
lll i ll I 
mil III trul·II:I~lml ~r+ ' + " 111':: 1':[:1:1 141 1 1III 1 J'I¥'1 :.I'I.l l l!.q + ;~ : .: : ' . .. .. . . ..- h ... '_'.'.U L .•••..••.•• d ••••• d._ 
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Chart 13 . - Variation of mol ecular weight ratio with Mach number . 
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